Abstract. The present work deals with the thermomechanical fatigue and low-cycle fatigue behavior of C-263 in two different material conditions. Microstructural characteristics and fracture modes are investigated with light and electron microscopy. The experimental results indicate that viscoplastic deformations depend on the heat treatment or rather on the current state of the microstructure. The measured data are used to adjust the parameters of a Chaboche type model and a fracture-mechanics based model for fatigue lifetime prediction. The Chaboche model is able to describe the essential phenomena of time and temperature dependent cyclic plasticity including the complex cyclic hardening during thermo-cyclic loading of both material conditions with a unique set of material parameters. This could be achieved by including an additional internal variable into the Chaboche model which accounts for changes in the precipitation microstructure during high temperature loading. Furthermore, the proposed lifetime model is well suited for a common fatigue life prediction of both investigated heats. The deformation and lifetime models are implemented into a user defined material routine. In this work, the material routine is applied for the lifetime prediction of a critical power plant component using the finite element method.
Introduction
The nickel-based Alloy C-263 is a candidate for application in flexible next generation fossil fuel power plants. Furthermore, critical components in existing power plants could be substituted with thin-walled components made of C-263 material with the aim to increase the plant flexibility. In both cases the material must withstand numerous start-up and shut-down cycles in addition to the creep exposure during steady state operation. Thereby, temperature gradients and constrained thermal strains occur which lead to thermomechanical fatigue (TMF) of the material.
It is well known from other nickel base alloys that the microstructural evolution during high temperature application has a major influence on viscoplastic deformation and lifetime [1, 2] . Treating the solution annealed material at 800
• C leads to the precipitation of carbides and γ -phase particles. Fatigue, creep and precipitation behavior of different age hardened C-263 materials have been investigated by several other authors [3] [4] [5] . They developed physically based creep models considering the γ -precipitation. However, in case of fatigue, the authors used only standard plasticity models. The main focus of the present paper is the development of cyclic viscoplastic deformation a Corresponding author: gerhard.maier@iwm.fraunhofer.de Table 1 . Chemical composition of C-263 as-received in wt%. and lifetime models that comprise the microstructural evolution of the material.
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Material and experimental
C-263 is a solid solution strengthened and precipitation hardened material. Two different heat treatments of the nickel-based alloy C-263 were investigated: solution annealed (LG) and age hardened (AG). The solution annealed material was treated at 1145
• C for 50 minutes and subsequently air cooled. The age hardened condition underwent additional four hours at 800
• C and an air cooling. The chemical composition of the as-received material is shown in Table 1 . Figure 1 shows a light microscopy image of the solution annealed condition. Large titanium and nitrogen rich carbides inside the grains and smaller ones at grain boundaries are visible. After aging at 800
• C, secondary precipitates could be found inside the grain and at grain boundaries. Scanning transmission electron microscopy shows that grain boundaries exhibit chromium rich M 23 C 6 carbides (see Figs. 2a, c) . The diffraction pattern in the insert of Fig. 2c is attributed to titanium rich M 7 C 3 . Furthermore, γ -precipitates could be detected inside the grains (Figs. 2b, d ).
Various complex low-cycle fatigue (CLCF) and thermomechanical fatigue experiments were performed to characterize the viscoplastic deformation of the considered heats of C-263.
The isothermal CLCF tests were carried out at eight different temperatures in the range from room temperature to 900
• C in total strain control with a strain ratio R ε = −1. A typical loading of a CLCF test comprising different strain rates, strain amplitudes and hold times in tension and compression is illustrated in Fig. 3 . Due to this complex loading, strain dependent effects and the material relaxation behavior can be analyzed in one single experiment. The nominal strain rate of the cyclic part of the CLCF test was 10 −3 s −1 . TMF tests were carried out with zero total strain in two temperature ranges: 350-800
• C (cycle time 410 s) and 350-900
• C (cycle time 460 s). All fatigue tests were performed on an electromechanical test rig from Instron Ltd. using specimens with a circular cross section with 7 mm diameter and a Maytec capacitive extenso-meter with a gauge length of 10 mm. Fig. 4 shows two representative stress histories of CLCF tests at 600
Time and temperature dependent viscoplastic deformation
Experimental results
• C and 900
• C for both heats. The initial parts of the tests with the complex loading history are fully illustrated, while the following cyclic parts are only depicted with maximum and minimum peak stresses.
At 600
• C the age hardened condition shows a higher stress level than the solution annealed material. During the hold times only slight stress relaxation takes place. Strain rate effects could not be observed. The age hardened as well as the solution annealed specimens exhibit cyclic hardening (Fig. 4a) . In contrast, visco-plastic deformation at 900
• C is almost independent of the preceding heat treatment.
Moreover, at 900
• C time dependent effects could be found with the help of the complex loading history. The results of the cyclic part of the tests indicate little cyclic softening for both material conditions (Fig. 4b) .
The peak stresses of the TMF tests are plotted in Fig. 5 . Characteristic for the LG condition is that rapid cyclic hardening could be observed for the experiment with maximum temperature 800
• C. In steady state both material conditions exhibit nearly the same stress level 16006-p.2 ( Fig. 5a ). If the maximum temperature is raised to 900
• C the aged material softens rapidly whereas the solution annealed one shows little hardening. After a few cycles, both material conditions reach again the same stress level (Fig. 5b) .
Chaboche model
Time and temperature dependent viscoplastic defor-mation is described by a Chaboche type model [6] , which is able to describe tensile, creep and fatigue tests in a unified manner. In the following the constitutive equations of the model are presented in a one-dimensional formulation. The total strain rate is split into an elastic, thermal and viscoplastic part:ε
The thermal strain rateε th is defined by the product of the differential thermal expansion coefficient α th and the temperature rate:ε th = α th ,
The viscoplastic strain rate is given by:
with the equivalent viscoplastic strain rate:
K and n are temperature dependent material parameters, σ Y is the initial yield strength and σ M is the isotropic hardening function obeying the evolution equation:
b, Q ∞ and R iso are temperature dependent material parameters. The backstress X is divided in two parts with index i, each following the evolution equation:
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where cyclic hardening or softening is expressed by:
C i , γ i , R kin,i , i,∞ and ω i are temperature dependent material parameters.
The calibration of the Chaboche model parameters was accomplished by a least square fit to CLCF tests for all test temperatures separately (see Fig. 4 ). For the prediction of the thermo-cyclic tests the parameters were linearly interpolated in temperature. To account for the differences in viscoplastic material behavior of the two material conditions an internal variable f , representing the precipitate volume fraction was included in the model. It obeys the evolution equation:
where Q is the activation energy for diffusion, R is the universal gas constant and k 0 and β 2 are adjustable parameters. f eq is defined as the equilibrium volume fraction expressed by the following empirical equation:
with the parameters f * eq , max and 0 . The adjustment of max is based on experimental observations: The rapid softening of the AG material during thermo-cyclic loading between 350
• C (see Fig. 5b ) leads to the assumption that the precipitates dissolve at temperatures above about 850
• C. Consequently, max is set to 1123 K. 0 and f * eq are used as fit parameters and set to 0 = 80 K and f * eq = 1. The initial precipitate volume fraction of the LG material f (t = 0) LG is set to zero while for the AG material f (t = 0) AG = 0.3.
The precipitation hardening is considered as a purely isotropic hardening effect. The strengthening contribution is given by:
where a p and β 1 are adjustable parameters. Finally, Eq. (4) is replaced by: Figure 6 highlights the first cycles of the TMF tests in the temperature range from 350 • C to 800
• C and 350
• C to 900
• C for the LG and AG condition, respectively. The open dots represent the experimental peak stresses, whereas the model response is shown with solid lines. Straight to the figures the development of the precipitate volume fraction is delineated. Cyclic hardening during the test with the LG material is well suited just like the cyclic softening in the TMF test with AG material and 900
• C as maximum temperature.
Mechanism based lifetime model
In the present work a fracture-mechanics based model is used for the lifetime estimation under isothermal cyclic and thermo-cyclic loading. The lifetime is determined by the initiation and growth of microcracks, with the latter dominating in the low-cycle fatigue range. Figure 7 illustrates a typical fracture surface of a fatigued C-263 specimen. Besides the principal crack growth direction, two further crack initiation sites are visible (Fig. 7a) . Transgranular crack propagation was observed for all investigated AG specimens and loading histories while the residual fracture is mostly intergranular (Fig. 7b) .
The general description of fatigue lifetime is based on the concept that the crack growth per cycle da/d N is proportional to the cyclic crack tip opening displacement
β is a proportional factor which normally lies in the range of 1/3 to 1 [7] . For a small crack in time independent material, an analytic solution for CT O D is:
where σ cy is the cyclic yield stress and a the crack length. d n is given by the crack tip fields from Hutchinson [8] , Rice and Rosengren [9] (HRR fields) as long as the material hardening can be described with a power law function [10] . In the present work d n is a third-order polynomial
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To account for the crack closure effect the stress range in the elastic part of Z D is replaced by the effective stress range σ eff according to:
The crack opening stress σ op could be determined with an empirical function propagated by Newman [13] . ε in in Eq. (13) represents the inelastic strain range, including the viscoplastic and creep strain range.
Finally, the number of cycles to failure N f could be calculated by integrating Eq. (12) :
Parameter A involves the crack length till failure a f and the initial crack length a 0 . A consistent lifetime description can be achieved using the D TMF parameter which has been introduced by others [14] . Figure 9 illustrates the unified description of all CLCF and TMF tests in a scatter band with factor two.
Discussion
The investigations on C-263 have illustrated that there is a marked influence of the heat treatment, via the microstructure, on the cyclic viscoplastic deformation. Due to the exposure of the solution annealed material at temperatures around 800
• C, either during cyclic loading or during a thermal aging process, the material strength increases. This can mainly be explained by the γ -precipitation from the supersaturated solid solution (Fig. 2d) . The experimental observations suggest that the precipitation kinetics is accelerated by a superimposed mechanical loading.
At very high temperatures, an initially solid solution strengthened and precipitation hardened microstructure softens quickly. Due to the dissolution of precipitates there is almost no difference in the deformation behavior between the solution annealed and age hardened material. Dissolution of precipitates for temperatures higher than about 850
• C could be confirmed by the comparison of the TMF tests shown in Fig. 10 . Therein, two stress histories are shown representing the results of TMF tests between 350
• C. Before starting the experiment, one specimen was subjected to a single and the other specimen to ten TMF temperature cycles with zero stress. As a result, higher peak stresses in the first TMF cycles could be observed. With increasing test time precipitates dissolve and both specimens exhibit the same response. The dissolution of γ at higher temperatures has already been observed by other authors [3] [4] [5] .
A consistent description of the viscoplastic deformation of the material in both conditions with a unique set of material parameters could be achieved by including an additional internal variable into the Chaboche model, representing the evolution of the precipitate microstructure in a phenomenological way. The additional parameters were adjusted in such a way that the cyclic hardening during TMF testing between 350
• C and 800
• C as well as the cyclic softening during TMF testing between 350
• C could be uniformly described (see Fig. 6 ).
Independent from material and testing conditions, fatigue lifetime is well described with the fracturemechanics model based on the D TMF damage parameter. This is in agreement with e.g. [2] who achieved a unified lifetime description of the nickel-based Alloy 617B in different material conditions over a wide range of temperature and strain rate using the D TMF parameter. 
Application
The described constitutive equations are implemented into a user defined material routine for finite element simulation. In Fig. 11 a typical lifetime calculation of a steam pipe connection is illustrated. The component was cyclically loaded between 300
• C and 700
• C and loaded with an internal pressure varying from 1 to 295 bar. At the critical location a lifetime of about 4000 cycles is predicted.
